A spin-filter device based on armchair grapliene nanoribbons 



A. Saffarzadeh^'^'B and R. Farghadan'^ 



o 

(N 

in 



CD 



o 



> 

00 
ON 



X 



'Department of Physics, Payame Noor University, Nejatollahi Street, 159995-7613 Tehran, Iran 
^Computational Physical Sciences Laboratory, Department of Nano-Science, 
Institute for Research m Fundamental Sciences (IPM), P.O. Box 19395-5531 



Department of Physics, 



Tarbiat Modares University, P.O. 
(Dated: January 18, 2011) 



Tehran, Iran 
Box 14115-175 Tehran, Iran 




armchair electrodes 



^ 0.4 - 



The coherent spin-polarized electron transport through a zigzag-edge graphene flake (ZGF), 
sandwiched between two semi-infinite armchair graphene nanoribbons, is investigated by means 
of Landauer-Buttiker formalism. To study the edge magnetism of the ZGF, we use the half-filled 
Hubbard model within the Hartree-Fock approximation. The results show that the junction acts as 
a spin filter with high degree of spin polarization in the absence of magnetic electrodes and exter- 
nal fields. By applying a gate voltage the spin-filtering efficiency of this device can be effectively 
controlled and the spin polarization can reach values as high as 90%. 



Graphene nanoribbons (GNRs) and graphene junc- 
tions are good candidates for electronic and spintronic 
devices due to high carrier mobility, long spin-relaxation 
times and lengths, and spin- filtering effect In fact, 

the conduction electrons in carbon-based materials can 
move very long distances without scattering due to their 
small spin-orbit coupling and low hyperfine interaction. 
For instance, in GNRs with zigzag edges, electronic trans- 
port is dominated by edge states which have been ob- 
served in scanning tunneling microscopy (3) . These states 
are expected to be spin-polarized and make zigzag-edge 
GNR (ZGNR) junctions attractive for nanoscale spin- 
tronic applications such as spin filters 0413 ■ order 
to achieve a spintronic device, it is very important to 
find nonmagnetic materials where a spin-polarized cur- 
rent can be injected and flowed without becoming depo- 
larized. The ground state of ZGNRs has an antiferro- 
magnetic spin configuration where the total spin (S) is 
zero. However, when the system has different number of 
A- and B-sublattice sites^the total spin of the ground 
state is 25* = Na — Nb [i3 and by appropriate design- 
ing, one can form a ferromagnetic spin configuration at 
the zigzag edges. Most of the previous studies on spin- 
filtering effects have been focused on the junctions, which 
consist of ZGNR electrodes. 

In this letter, a GNR junction which operates as a 
spin-filter in the absence of an external electric field is 
presented and the influence of edge atoms on spin trans- 
port through the junction will be examined. We also 
investigate the sensitivity of the spin polarization to the 
gate voltage to obtain a maximum value for this polar- 
ization. An interesting feature of our system is that, in 
spite of the previous studies, the type of electrodes in this 
junction is armchair-edge GNR and the central par t of 
the system is a zigzag-edge graphene nanodisk [6l.ll4| , as 
shown in Fig. 1(a). In this junction, the right GNR elec- 
trode with a ribbon index n—8 has a width Wr =0.86 
nm, while the left electrode with a ribbon index n=33 
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FIG. 1: (Color online) (a) The spin-filter device. The device 
shows that the locahzed magnetic moments only form on the 
edge atoms of the channel and the electrodes are nonmagnetic. 
The upward (blue) arrows correspond to the majority spins, 
while the downward (red) arrows correspond to the minority 
spins, (b) The majority (solid line) and minority (dashed 
line) spin densities at the channel. The vertical dotted line 
indicates the Fermi energy. 



has a width Wh =3.93 nm. Furthermore, the central 
region (nanodisk) with a trapezoidal shape consists of 
Nc — 240 carbon atoms and produces a ferromagnetic 
spin configuration at its edges. 

We simulate the system depicted in Fig. 1(a) by use 
of a single-band tight-binding model and an on-site Hub- 
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bard repulsion treated in the mean-field approximation 
at half-filling to account for electron-electron interaction 
in the junction and calculate the localized moments on 
the zigzag-edge atoms. Thus, the mean field Hamiltonian 
can be written as [151] 



i,j.(T Z,(T 



r)[fli,a-^{ni,a)] 



where dl^ and d^o- are the electron creation and annihi- 
lation operators, respectively, and fii^cr = d\^dia is the 
number operator for an electron with spin a at site i. 
Here, will be set to zero except in the gated region 
(channel) where it is equal to gate potential Vg- t=2.66 
eV is the transfer integral between all the nearest neigh- 
bor sites and U = 1.06 1 is the on-site Coulomb interac- 
tion. Starting from an antiferromagnetic configuration as 
an initial condition and considering the effect of the semi- 
infinite GNRs |16| on the connected atoms of the channel, 
we solve the mean-field Hamiltonian self-consistently by 
iteration method. Therefore, the Green's function and 
the spin density on each atom of the channel should be 
calculated iteratively until a convergence of the spin den- 
sity is reached. The Green's function of the nanodisk is 
expressed as 



(2) 



where 7y is a positive infinitesimal and Sl.t? are the self- 
energy matrices due to the connection of left and right 
GNR electrodes to the channel. The spin-dependent den- 
sity of states and the expectation value for the number 
operator of electron on each site of the channel are given 
as 



- Im {ia\Gc{i^)\iiy) , 
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Accordingly, the spin at each site of the channel can 



be expressed as Si 



. In the mean-field level. 



there is not a spin-flip scattering or any other interac- 
tions. Therefore, the spin-polarized transport through 
such a junction can be considered within the coher- 
ent regime In the coherent transport, the spin- 
dependent conductance at low temperature can be writ- 
ten as Ga = ^Tr[f LGcrflG^]^, where Fa, the coupling 
matrices, can be expressed as Ta{(^) = — 2 Im[EQ,(a;)]. 

The total density of states (TDOS) per site for each 
spin subband, Silfi in the central region and 

in the presence of the electrodes has been shown in Fig. 
1(b). The spin-dependent electronic states inside the en- 
ergy window are completely separated into majority and 
minority spin subbands and in the other energy ranges 
(not shown) are approximately degenerate. The differ- 
ence between the two spin subbands explains the local- 
ized magnetization in the channel edges. In such a case. 
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FIG. 2: (Color online) (a) Spin-dependent conductance as a 
function of energy at (a) V and (b) Vg=-1.82 V. 

The solid (dashed) line is for majority (minority) spin elec- 
trons. The vertical dotted line indicates the Fermi energy. 



the total spin of the channel reaches S = 2.82, which has 
a maximum value S = 0.13 in the middle of the channel 
edges [shown in Fig. 1(a)]. We see that the TDOS for 
spin-up electrons is more localized at lower energies than 
the spin-down ones. The separation between these two 
spin subbands which provide two paths for electron con- 
duction through the junction well explains the spin-filter 
effect of the system. In fact, the importance of design- 
ing such a device is that the system at ground state is 
spin-polarized without applying external fields. 

It has been well known that an armchair edge does not 
induce local edge magnetism [l5|. Therefore, the elec- 
tron conduction through the armchair-edge electrodes is 
not spin-polarized, but when the electron arrives at the 
nanodisk region, different scatterings occur for the elec- 
tronic waves with different spin densities. Therefore, the 
electron conduction for both spin-up and spin-down elec- 
trons is different at certain energies and the generation 
and manipulation of the spin-polarized current would be 
possible. We should note that because of the special de- 
sign for this junction there is not a significant difference 
between ferromagnetic and antiferromagnetic configura- 
tions, both for the electronic structure and the magnetic 
moment of the atoms on the edge of the ZGF, hence the 
transport properties for two spin configurations are the 
same. 



3 




Energy [eV] 

FIG. 3: (Color online) (a) Degree of spin polarization as a 
function of energy at two different gate voltages. The solid 
line is for Vg—0.36 V and the dashed line is for 1/g=-1.82 V. 

The gate control of spin conduction is an important 
feature, which can clearly demonstrate high spin-filter 
effect in our device and perhaps in future all-carbon 
circuits [11] • Applying a gate voltage changes the po- 
tential energy in atomic sites and accordingly, the elec- 
tronic states are shifted and slightly modified (due to 
the electrodes) by this effect. Hence, the transmission 
channels in the system may significantly vary fvA Il8| . 
In a ZGNR, a gate potential may shift the spin-up and 
spin-down states differently and therefore, spin filters and 
spin switches can be achieved without magnetic contacts. 
0, m, US] • For this purpose, we have shown in Fig. 2 
the spin-dependent conductance as a function of energy 
for majority and minority electrons at two different gate 
voltages Vg^OM V and Vfe=-1.82 V. We have chosen 
these values because the spin-filtering effect in the sys- 
tem can be easily demonstrated. We can see that the 
conductance spectrum of two spin subbands is approx- 
imately separated in all electronic states within the en- 
ergy window, same as the TDOS shown in Fig. 1(b). At 
the positive gate voltage {Vg= 0.36 V), the transmission 
channel of minority spin electrons is fully open at the 
Fermi energy, while that for majority spin electrons is 



effectively blocked. Such a feature will be reversed if the 
negative gate voltage {Vg=-1-82 V) is applied. 

To obtain the spin-filtering efficiency, we have shown 
in Fig. 3 the degree of spin polarization for electrons 
traversing the channel which can be defined as P = 
GtM+cj^li^) • figure, the dip at the Fermi en- 

ergy clearly represents that the minority spin electrons 
at 1/0=0.36 V carry most of the current, while the peak 
is related to the majority spin electrons at Vg=-1.82 V. 
This can be easily understood from comparing the be- 
havior of spin-dependent conductance of majority and 
minority spin electrons. As seen in Fig. 2, when ma- 
jority (minority) spin electrons show high peaks in their 
conductance spectrum, the conduction of minority (ma- 
jority) electrons approximately vanishes, i.e. high degree 
of spin polarization. The spin polarization just like the 
conductance spectra is sensitive to changes of energy and 
in some energy ranges there are high spin polarizations 
for each spin subband. We should note that, with con- 
sidering the more number of carbon atoms in the channel 
the total magnetic moment increases and the spin-filter 
efficiency is enhanced. Also, the spin density of each site 
is calculated at zero temperature and with considering 
the effect of temperature in the number operator Eq.Q 
^ the magnetic moment at the ZGF reduces and this 
reduction is able to change the efficiency of this spin fil- 
ter device. Perhaps the most interesting aspect of our 
system is the ability for generation of spin-polarized cur- 
rents in the absence of traverse fields and using electrodes 
that are nonmagnetic. 

In summary, based on the non-equilibrium Green func- 
tion technique and the mean-field Hubbard model, we 
proposed a spin filter device which preferably passes only 
one type of spin currents through the system. In such a 
device, the current is spin-polarized due to the finite-size 
effect and geometry of ZGF. The spin-filtering efficiency 
could be controlled by a gate voltage so that the spin po- 
larization can be higher than 90% which shows that the 
system acts as a spin switch. 

The authors would like to thank J.J. Palacios for help- 
ful discussions. 
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